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ABSTRACT 
Nickel is evaporated in high vacuum from a calibrated 
source, one m~r;c;layer at a t i m e ,  en a cieai-1 (lli] cupper  s i n g i e  
crystal substrate. Excellent order in arrangement of condensed 
nickel atoms with the same orientation as the substrate, but 
with the lattice spacing of nickel, is observed when the substrate 
is maintained at about 2OO0C during evaporation. Each successive 
monolayer grows epitaxially with respect to the layer immediately 
below it, always with the lattice spacing of nickel. No more than 
three atomic layers contribute appreciably to the diffracted 
intensity below about 250eV. The contribution from the first , 
layer predominates. 
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SUMMARY 
The o b j e c t  of t h i s  i nves t iga t ion  was t o  determine t h e  s t r u c t u r e  
of an e p i t a x i a l  l a y e r  i n  t h e  i n i t i a l  s t ages  of one t o  severa l  
monolayers f o r  t h e  case i n  which t h e  l a t t i c e  spacing of t h e  su r face  
l a y e r  d i f f e r s  from t h a t  of t he  support ing s u b s t r a t e  by not  more than  
a f e w  percent ,  It  i s  known t h a t  complete coverage i s  obtained i n  
t h e  f i r s t  monolayers when the  l a t t i c e  spacings d i f f e r  by less than 
0 - 5  percent  and t h a t  clumping occurs  when t h e  spacings d i f f e r  by a s  
much a s  1 3  percent ,  wi th  t h e  spacing of t h e  su r face  l a y e r  always t h e  
same a s  t h a t  f o r  the same ma te r i a l  i n  bulk f o r m ,  However, t h e r e  a r e  
i n s u f f i c i e n t  da t a  a t  p resent  over a w i d e  range of v a r i a b l e s  and 
under extreme condi t ions  of c l e a n l i n e s s  t o  formulate  a general  
theory  of epi taxy.  It is known t h a t  one monolayer of su r face  
contamination can a l t e r  t h e  na ture  of e p i t a x i a l  growth, Hence, it 
i s  e s s e n t i a l  t o  use u l t r a  high vacuum techniques t o  e l imina te  
spur ious  effects of contamination and t o  ob ta in  an atomical ly  c l ean  
su r face  i n i t i a l l y  on which t o  d e p o s i t  t h e  e p i t a x i a l  l aye r ,  The 
method must be capable of determining t h e  s t r u c t u r e  of a s i n g l e  , 
monolayer. The l o w  energy e l ec t ron  d i f f r a c t i o n  technique s a t i s f i e s  
t h i s  requirement and is  used i n  t h e  present  i nves t iga t ion .  The 
m a t e r i a l s  s e l e c t e d  w e r e  n icke l  and copper, s i n c e  they  have t h e  same 
l a t t i c e  s t r u c t u r e  and t h e i r  l a t t i c e  spacings d i f f e r  by about 
2.8 percent ,  A n i cke l  f i l m  was deposi ted from the vapor onto a 
(111) copper c r y s t a l  sur face  s i n c e  the spacing of n i cke l  i s  less 
than t h a t  of copper. 
I n  add i t ion  t o  t h e  above ob jec t ive ,  it was poss ib l e  t o  ob ta in  
va luable  information on t h e  depth of pene t ra t ion  of d i f f r a c t e d  
e l e c t r o n s  i n  t h e  case of n i c k e l .  I t  was found t h a t  a t  room tempera- 
t u r e  n i c k e l  formed i n  ordered a s  w e l l  a s  d i sordered  s t r u c t u r e  
without  complete coverage of copper, t hds  i n d i c a t i n g  clumping. 
With t h e  copper a t  2OO0C exce l l en t  order  and coverage was obtained 
wi th  one o r  more monolayers. The l a t t i c e  formed b y  t h e  n i cke l  
atoms was t h e  same a s  t h a t  of bulk n i cke l  and had t h e  o r i e n t a t i o n  
of t h e  copper, Thus, unde r  t hese  condi t ions  it was poss ib l e  t o  
ob ta in  uniform coverage without clumping even though t h e  l a t t i c e  
cons t an t s  d i f f e r  by 2 - 8  percent,  Fur ther  tests w i t h  o the r  
m a t e r i a l s  may h e l p  i n  determining t h e  maximum m i s f i t  wi thout  
clumping. S ince  t h e  type of atoms involved i s  a l s o  a determining 
f a c t o r ,  tests should be made on d i f f e r e n t  combinations of 
m a t e r i a l s  having m i s f i t s  of the  same magnitude, 
Observations on n i cke l  depos i t s  of one t o  sevp-;? monolayers 
show t h a t  t h e  f i r s t  monolayer predominates i n  i t s  conEribution t o  
t h e  d i f f r a c t i o n  p a t t e r n  and t h a t  con t r ibu t ions  from more than 
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Because i n i t i a l  e p i t a x i a l  growth has  been shown t o  be s e n s i t i v e  
t o  small  amounts of contamination1, it i s  important t o  determine 
t h e  cond i t ions  which govern t h i s  growth under u l t r a  high vacuum 
condi t ions ,  I n  add i t ion ,  a method of s t r u c t u r e  determinat ion must 
be used which can be appl ied t o  a s i n g l e  monolayer. It  has  been 
shown t h a t  t h e  low energy 1 c t r o n  d i f f r a c t i o n  (LEED) technique 
s a t i s f i e s  t h i s  requirement?' '. 
t h a t  complete coverage i s  obtained a t  room temperature when t h e  
e p i t a x i a l  l a y e r  has  e s s e n t i a l l y  the same l a t t i c e  cons tan t  a s  t h a t  
of t h e  s u b s t r a t e ,  a s  i n  t h e  case of s i l v e r  on gold where t h e  
t h e  case  of copper on titanium1, f o r  which t h e  l a t t i c e  spacings 
d i f f e r  by about 1 3  percent ,  clumping of copper occurs  i n  t h e  i n i t i a l  
s t a g e s  of depos i t .  Although t h e  o r i e n t a t i o n  of the copper 
c r y s t a l l i t e s  is determined by t h a t  of t h e  s u b s t r a t e ,  t h e  spacing is 
always t h e  same a s  t h e  normal copper spacing. I t  is, the re fo re ,  
important t o  determine t n e  degree of m i s f i t  and o t h e r  r e l evan t  
cond i t ions  which a r e  required t o  produce a clumping or nonclumping 
of t h e  e p i t a x i a l  l a y e r  i n  t h e  i n i t i a l  s t a g e s  of one monolayer o r  
less, 
Using t h i s  technique, it was found 
l a t t i c e  cons t an t s  d i f f e r  by only about 0.4 percent  2 , However, i n  
T h i s  type  of inves t iga t ion  a l s o  f u r n i s h e s  information on the 
number of atomic l a y e r s  con t r ibu t ing  t o  t h e  e l e c t r o n  d i f f r a c t i o n  
pa t t e rn .  This  information is  of value i n  t h e  i n t e r p r e t a t i o n  of t h e  
i n t e n s i t y  d i s t r i b u t i o n  of t h e  d i f f r a c t i o n  p a t t e r n ,  
I n  t h e  p re sen t  i nves t iga t ion ,  a n i cke l  f i l m  has  been depos i ted  
on a copper s u b s t r a t e ,  For t h i s  combination the l a t t i c e s  a r e  both  
f a c e  centered  cubic,  b u t  the n icke l  spacing is  about 2.8 percent  
smal le r  than  t h a t  of copper. 
The c h a r a c t e r i s t i c  i n t e n s i t y  d i s t r i b u t i o n  of d i f f r a c t e d  beams 
was obtained a s  a func t ion  of the vol tage  of i n c i d e n t  l o w  energy 
e l e c t r o n s  f o r  an atomical ly  c lean sur face  of C u ( l l l ) ,  N i c k e l  was 
evaporated from a calibrated source,  one monolayer a t  a t i m e ,  on 
t h e  a tomica l ly  c lean  su r face  of C u ( l l l ) ,  and immediate LEED observa- 
t i o n s  w e r e  made of t h e  nickel-copper surface.  
The r e s u l t s  reported here concern: 
( a )  t h e  growth and s t r u c t u r e  of n i cke l  t h i n  f i l m s  on a 
Cu( 111) s u b s t r a t e ;  
( b )  t h e  pene t ra t ion  of e l e c t r o n s  i n  a nickel-copper system 
a s  a func t ion  of t he  energy of t h e  i n c i d e n t  e l ec t rons .  
t 
EXPERIMENTAL PROCEDURE AND RESULTS 
T h e  n i cke l  f i l m  was deposi ted from the vapor obtained by 
hea t ing  a high p u r i t y  n i c k e l  s lug below t h e  melt ing po in t  i n  u l t r a  
h igh  vacuum. A tungsten f i lament  was mounted behind t h e  n i cke l  
s l u g  t o  permit hea t ing  by e l e c t r o n  bombardment. A molybdenum box 
enclosed t h e  f i lament  and n i c k e l  s lug  wi th  a 2mm opening oppos i te  
t h e  f r o n t  f a c e  of t h e  s l u g  and a t  a d i s t a n c e  of 3mm. One end of a 
P t  - P t  1 3  percent  Rhthermocouple was imbedded i n  one side of t h e  
n i cke l  s lug.  This  geometry or t h e  evaporator  ensured a uniform 
r a t e  of evaporat ion from u n i t  a r ea  of t h e  f l a t  n i c k e l  face.  
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The c a l i b r a t i o n  of t h e  evaporator was made i n  an a u x i l i a r y  
vacuum system i n  which n i cke l  was deposi ted from t h e  vapor onto 
1 8 m m  x 1 8 m m  f l a t  g l a s s  microscope s l i d e  . The r e s i d u a l  ambient 
p re s su re  d r i n g  evaporation was 5 x 10-8Torr. Carefu l  c leaning 
proceduresY w e r e  used f o r  t h e  slides, Blank s l i d e s ,  on which no 
d e p o s i t s  w e r e  made, w e r e  used t o  check on outgassing and o t h e r  
e f f e c t s  t h a t  would cause e r r o r s  when t h e  weights of t h e  d e p o s i t s  
of n i c k e l  w e r e  eva lua ted ,  A l l  slides w e r e  weighed i n i t i a l l y  p r i o r  
t o  evaporat ion and a f t e r  nickel  depos i t ion  i n  a Mettler's micro- 
balance wi th  a s e n s i t i v i t y  of l ~ g m ,  The weights deposi ted w e r e  
10 p g m s  and above, and w e r e  recorded a s  a func t ion  of t h e  t i m e  of 
evapora t ion ,  a t  a f ixed  temperature of 1204OC of t h e  n i cke l  s lug.  
Th i s  temperature of 1204OC was selected a f t e r  previous tests i n  
which n i c k e l  was evaporated a t  d i f f e r e n t  temperatures. The t i m e  
requi red  t o  depos i t  one monolayer of n i c k e l  was 14 minutes. This  
w a s  determined by ex t r apo la t ing  t h e  l i n e a r  r e l a t i o n s h i p  between 
t i m e  and weight of depos i t  a t  t h e  evaporat ing temperature of 1204OC. 
The C u ( l l 1 )  s i n g l e  c r y s t a l  was mechanically pol ished and etched 
chemically i n  a so lu t ion  of 32 percent  "03 a t  7OoC. 
d i f f r a c t i o n  p a t t e r n s  were subsequently observed t o  confirm the (111) 
o r i e n t a t i o n ,  p r i o r  t o  i n s e r t i n g  t h e  c r y s t a l  i n  t h e  d i f f r a c t i o n  tube. 
X-ray 
A ske tch  of t h e  d i f f r a c t i o n  tube,  block diagram of t h e  e n t i r e  
experimen a 1  system and t h e  experimental procedures a r e  de l inea ted  
elsewhere , The only addi t ion  being t h e  c a l i b r a t e d  n i cke l  
evaporator  which w a s  i n se r t ed  a s  a side arm so t h a t  t h e  d i r e c t i o n  
of d e p o s i t  was 30° from t h e  normal t o  the crystal lBurface,  
techniques f o r  ob ta in ing  pressures  around 2 x 10- T o r r  w e r e  used. 
During t h e  c a l i b r a t i o n  of the n i c k e l  evaporator ,  each g l a s s  s l ide 
was placed 5cm from t h e  evaporating sur face ,  This  d i s t a n c e  was 
maintained f o r  t h e  C u ( l l 1 )  whenever it was subjected t o  n i cke l  
evaporat ion.  The evaporator assembly was w e l l  outgassed and t h e  
evaporat ing su r face  was always maintained a t  t h e  ope ra t ing  tempera- 
t u r e  of 1204OC f o r  sometime, before  exposing t h e  C u ( l l 1 )  c r y s t a l  t o  
n i cke l  evaporation. 
5 
Vacuum 
The C u ( l l 1 )  cr s t a l  was subjected t o  LEED i n v e s t i g a t i o n s  a t  a 
pressure  of 5 x Torr. I n i t i a l l y ,  no sharp  beams w e r e  observed, 
The c r y s t a l  w a s  slowly heated t o  about 800OC and on cool ing it t o  
room temperature,  LEED measurements ind ica ted  t h e  presence of charac- 
t e r i s t i c  d i f f r a c t i o n  beams, The c r y s t a l  was then argon ion bombarded 
a t  300V and 20)uamp f o r  1 5  m i n u t e  i n t e r v a l s ,  each bombarding i n t e r v a l  
being followed by annealing a t  3OO0C f o r  30 minutes, Fig,  1 shows 
t h e  usua l  c o l a t i t u d e  angle  (8) a g a i n s t  primary vol tage  ( V )  and 
i n t e n s i t y  ( I )  aga ins t  V d a t a  obtained f o r  t h e  f 0  beam i n  t h e  (170) 
azimuth a f t e r  t h e  above treatment.  The open circles i n  Fig,  1 
rep resen t  experimental  8 vs V p o i n t s  which f a l l  w e l l  along t h e  
t h e o r e t i c a l  su r f ace  g r a t i n g  l i n e s ,  The C u ( l l 1 )  su r f ace  a s  such w a s  
considered atomical ly  clean. The t h e o r e t i c a l  su r f ace  g r a t i n g  curves 
w e r e  p l o t t e d  from usual  ca l cu la t ions4 ,  f o r  a l a t t i c e  cons tan t  
a = 3-61 A f o r  copper, 
3 
When a monolayer of nickel was evaporated from the calibrated 
source, on the clean prface of Cu(ll1) at room temperature and at 
a pressure of 2 x 10’ Torr, immediate LEED investigations of the 
surface indicated ordered as well as disordered condensation of the 
monolayer of nickel atoms. Some diffracted beams had sharp peaks 
with nickel spacings, some were original copper beams, some were 
diffuse with large half-widths in wavelength and some were missing, 
thus indicating that complete coverage was not obtained, This was 
true for at Least three monolayers, which was the maximum number 
deposited under these rcnditions, 
Excellent order in arrangement of condensed nickel atoms with 
the same orientation as the substrate was observed when the substrate 
Cu(ll1) was maintained at a temperature of about 20OoC. The lattice 
spacing was that of bulk nickel. Five monolayers of nickel were 
evaporated on the Cu(3.11) crystal, one monolayer at a time, and the 
intensities of the diffracted beams were recorded as a function of 
the primary voltage after each monolayer deposition, Each successive 
monolayer grows epitaxially with respect to the layer immediately 
below it, always with the nickel spacing, 
Fig. 2 shows 8 vs V and I vs V characteristics for one monolayer 
of nickel on Cu(ll1). Similarly Fig. 3 is for two monolayers of 
nickel on Cu(ll1) and Fig, 4 for three monolayers. Fig. 5 is the 
I vs V characteristic for Ni(il1) taken from previous work in this 
laboratory5 for the IO beam. 
DISCUSSION 
From the I vs V data, after one monolayer of nickel was 
deposited with the crystal at room temperature, it appears that the 
nickel condenses in islands or clumps, some of which are ordered, 
with the same orientation as the substrate copper but with nickel 
spacings, The presence of beams characteristic of copper indicates 
regions where no nickel remains. The diffuse beams with large half- 
widths and the missing beams are probably due to disordered 
condensat ion. 
It is seen from the theoretical surface grating curves of Fig. 2 
that the resolution in V between Cu and Ni varies from 2 volts at 
large colatitude angles to abGut 12 volts at small colatitude angles. 
This of course is due to the small 2.8 percent mismatch in the 
lattice constants of Cu and Ni. The difference in V becomes more 
pronounced for the 30 and 20 beams in the (1iO) azimuth and also 
for the 21 beam in the (112) azimuth. The experimental points of 
8 vs V plots for all these beams led to the conclusion that the 
epitaxial nickel film always has the nickel s p  cing, This is in 
concept of an epitaxial temperature appe rs to be characteristic of 
this system, this is not true in general 
agreement with p r e v i c u s  observations on copper ? . Although the 
i? 
Information on electron penetration is obtainable from a 
comparison of the I i7s V data from Figures 4,3 and L jhl,Lh that of 
Fig, 5. It is apparent that the penetration is a function of the 
energy of the incident electrons. The fine structure seen in Fig. 5 
attributed to steps and stacking faults’ is only partly observable 
4 
i n  Fig.  4, This  does not  mean tha t  the n icke l  condenses w i t h  no 
d e f e c t s .  I n  t h i s  experimental s e t u p  it was no t  poss ib l e  t o  sweep 
over  a l l  c o l a t i t u d e  angles,  Hence, it is  probable t h a t  t h e  f i n e  
s t r u c t u r e  could not  always be observed. 
The I vs  V da t a  of F ig .  4 obtained a f t e r  t h r e e  monolayers w e r e  
deposi ted compares very w e l l  wi th  those  of F ig ,  5 up t o  a primary 
vol tage  of 190 v o l t s .  It can be in fe r r ed  from t h i s  t h a t  more than  
90 percent  of t h e  diffracted e l e c t r o n s  of energy up t o  190eV come 
from t h e  f i r s t  t h r e e  monolayers, For two monolayers, a s  seen i n  
F ig , .  3 ,  t h e  i n t e n s i t y  c u v e  s t a r t s  t o  d e v i a t e  from t h a t  of Fig, 4 
a t  an inc iden t  energy of about 140eV, Most of t h e  d i f f r a c t e d  
e l e c t r o n s  below 140eV appear t o  come from t h e  f i r s t  two monolayers. 
S imi l a r ly ,  from Fig .  1, t h e  devia t ion  i n  i n t e n s i t y  curve when 
compared t o  t h a t  i n  Fig. 2 begins a t  about 90 v o l t s .  Hence, b e l o w  
t h i s  value most of t h e  d i f f r a c t e d  e l e c t r o n s  appear t o  come from t h e  
su r face  monolayer. 
CONCLUSION 
LEED is  w e l l  s u i t e d  f o r  s t u d i e s  of t h e  s t r u c t u r e  and growth of 
t h i n  m e t a l l i c  f i l m s .  Detai led observa t ions  of the i n i t i a l  growth of 
f i l m s  of a monolayer or less by t h e  LEED method can f u r n i s h  s i g n i -  
f i c a n t  information f o r  t h e o r e t i c a l  problems concerning epitaxy. 
For t h e  Ni-Cu system, the  con t r ibu t ion  from t h e  su r face  
monolayer predominates i n  the low energy range. Between 190 and 
242 v o l t s ,  t h e  d i f f e rence  i n  i n t e n s i t y  curves i n d i c a t e s  t h a t  t h e r e  
is  no apprec iab le  cont r ibu t ion  from m o r e  than  t h r e e  monolayers. 
This  information i s  important i n  an i n t e r p r e t a t i o n  of i n t e n s i t y  
d i s t r i b u t i o n  da ta ,  
5 
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